ymis work was undertaken in order to establish, if X possible, quantitative relationships between the rate of flow of oxygen into an adult oxygen tent, the rate of leakage from the tent, and the rate of evolution of carbon dioxide by the patient. It was hoped that it would be possible to predict a " maintenance rate " for a normal tent, a given rate of flow of oxygen being correlated with the resultant concentrations of oxygen and carbon dioxide. It will be shown that it is not possible to achieve such a correlation, although it is possible to predict the maximum concentration of carbon dioxide from the corresponding oxygen concentration and flow rate.
GENERAL THEORETICAL CONSIDERATIONS (a) Oxygen Concentraton
Oxygen tents are used to supply patients with an atmosphere having a higher concentration of oxygen than that present in ordinary air. This concentration will be specified by the physician, and it is therefore important to study the factors which affect the concentration of oxygen inside an oxygen tent.
Suppose an oxygen tent, with the patient inside it, requires an oxygen flow rate of 6 to 8 litres per minute to keep the concentration at 50 per cent. Why is this flow required? The patient will be using some of the oxygen to satisfy his metabolic needs but this will never account for more than about 0.5 litre per minute, leaving an excess in this case of 5.5 to 7.5 litres per minute. This can only be required to replace oxygen lost from the tent. The canopy is made from an almost impermeable material so that the leakage must occur at the junction of the canopy and the bed clothes, and to a much smaller extent at the junction of the canopy with the ice cabinet or control unit.
The loss of oxygen from the tent is caused by two processes which take place simultaneously while the tent is in use. The first process is the obvious one of displacement of the tent atmosphere by incoming oxygen. The second is one of diffusion which takes place whether oxygen enters the tent or not. It is caused by air movements at the site of any leaks, and by the kinetic energy of the gas molecules, which will cause gas exchange between the tent atmosphere and the air outside even in the absence of air movement. The quantity of air which enters and leaves the tent by this process may be designated the " diffusion exchange ".
Diffusion exchange is quite unaffected by the oxygen concentration inside the tent. A tent filled with say 80 per cent oxygen will allow the oxygen concentration to fall to 70 per cent more quickly than from 40 per cent to 30 per cent because each litre of gas which leaves the tent is replaced by 1 litre of air. The effect of replacing 1 litre of 80 per cent oxygen by 1 litre of air (21 per cent oxygen) is more marked than in the case of a similar replacement involving 40 per cent oxygen. It might be possible to arrange for radioactive oxygen atoms to be put into a tent as " tracers" without altering the oxygen concentration. It would be found that even if the oxygen concentration were 21 per cent inside the tent, the same as in the air outside, there would still be a steady loss of radioactive oxygen atoms from the tent.
The effect of these two processes of displacement and diffusion is that in a tent maintained at 50 per cent oxygen, each litre which leaves the tent contains 0.5 litre of oxygen, whereas each litre which enters the tent contains only 0.21 litre of oxygen. It is this loss which necessitates continuous topping up with oxygen. It is possible to derive a formula giving the relationship between these various factors.
Let x = concentration of oxygen in the tent, expressed as a percentage. M = maintenance flow rate in litres per minute for a concentration x inside the tent. E = diffusion exchange rate in litres per minute. Since the maintenance rate M is that rate which produces neither an increase nor a decrease in the oxygen concentration x, and hence in the volume of oxygen in the tent, the following statements may be made. During each minute M litres of oxygen pass into the tent in the form of maintenance rate oxygen, displacing M litres of tent atmosphere. This atmosphere contains x per cent oxygen so that the volume of oxygen displaced will be TTTT litres.
During the same period of one minute the diffusion exchange 21E of E litres takes place so that 77--litres of oxygen enters the tent 1UU xE in the form of air diffusing inwards, and--litres of oxygen J.UU leaves the tent by diffusing outwards.
At the end of one minute the volume of oxygen in the tent is the same as it was at the beginning. This is implied in the definition of the maintenance rate. Equating the volumes of oxygen entering and leaving the tent:
Thus if the maintenance rate, M, were 8 litres per minute and the oxygen concentration x, were maintained at 50 per cent, then E, the diffusion exchange rate, amounts to the surprisingly high figure of 13.8 litres per minute. In other words, in this particular case, 13.8 litres of tent atmosphere leave the tent, and are replaced by 13.8 litres of air during every minute. The diffusion exchange rate!?, can be estimated following oxygen analyses of the contents of the tent. Since the diffusion exchange depends critically upon the manner in which the canopy is tucked under the bedding it is altered whenever the tent is taken down and put up, even if this is done using the same bed and bedding.
Another factor affects the diffusion exchange and maintenance rate. This may be described as the " bellows " effect. A restless patient will cause movements of the bed springs which will alternately increase and decrease the volume of the tent. This will have a marked effect on the diffusion exchange rate, but cannot unfortunately be allowed for separately in these calculations.
(b) Carbon Dioxide Concentration
If the oxygen tent were completely sealed the only input of oxygen required would be 0.5 litre per minute to replace that used by the patient's metabolism. Although this would be economical in oxygen it would allow a rapid accumulation of carbon dioxide to take place. A tent can be operated under these conditions but carbon dioxide must then be absorbed by chemical means such as using soda lime. It is doubtful whether the economy in oxygen justifies the cost of the soda lime, and the increased attention which must be given to the tent, both in the form of carbon dioxide analyses to determine the state of exhaustion of the soda lime, and in ensuring that the canopy is completely sealed.
In this country it is almost universal practice to operate adult oxygen tents on a much higher oxygen flow rate than that needed to supply the patient's metabolic heeds. In this way the carbon dioxide passes out with the atmosphere leaking from the tent. The maximum concentration of carbon dioxide which can accumulate under any given set of conditions may be estimated as follows :
If the concentration of carbon dioxide in the tent is C per cent and the total displacement from the tent is D litres per minute, then in one minute the loss of carbon dioxide from the tent will CD be C per cent of D litres or rrt. litres per minute. If this volume is less than that of the carbon dioxide evolved by the patient (say, L litres per minute), then the concentration will rise and conversely. Ultimately an equilibrium condition will arise in which:
The quantity D is the sum of the maintenance rate M and the diffusion exchange rate E used in the earlier calculation. From that calculation, _ Af(lOO-;c)
E= x-U and if this is substituted in the equation
79 M x-2\ Then on substituting this value of D into the equation
C =
the value for C becomes:
This formula gives the value of the maximum concentration of carbon dioxide in terms of the maintenance rate of oxygen M, the patient's rate of carbon dioxide evolution L, and the equilibrium oxygen concentration x.
Thus if a patient evolves 200 ml. of carbon dioxide per minute, and the tent can be maintained at 50 per cent oxygen with a maintenance flow rate of 8 litres per minute, the carbon dioxide concentration may eventually rise to 0.9 per cent.
(c) Flushing Volume So far attention has been directed to a tent in which a high oxygen concentration has already been produced. Consideration will now be given to the situation arising when the tent has just been erected and contains atmospheric air. A certain volume of oxygen must be put into the tent merely to replace the air by, say, 50 per cent oxygen. This process can be conveniently called " flushing " the tent, and the requisite volume of oxygen the "flushing volume". Suppose an ideal state is assumed, that there is no leakage of air into the tent whilst flushing is going on. The volume of oxygen required to raise the concentration in the tent from 21 per cent (air) to x per cent can be calculated as follows:
Let V = volume of tent in litres. y = total volume of oxygen passed into the tent, in litres. x = resultant oxygen concentration. When a small volume Sy of oxygen is added to the tent, the same volume, By, of x per cent oxygen, will be displaced from it. The concentration of oxygen in the tent will increase from x to x + Ix, and the volume of oxygen in the tent will increase to (x + ix) per cent of V litres or ^x + ix ' V litres. The original volume of the oxygen in the tent was x per cent of V litres. This has been increased by 3v, the quantity of oxygen added, and decreased by x per cent of 3y, the amount of oxygen displaced by adding ly of oxygen.
, , {x+lx)V x Tr x " therefore --= V + ly 8y 100 100 100 -
Vix
The volume of oxygen required to raise the oxygen concentration from *! per cent to x 3 per cent will be y litres where The above calculations take no account of the diffusion exchange. In actual fact air will enter the tent even while it is being flushed. This is not allowed for in the calculation, which is thus a minimum figure. It shows, for example, that on a flow rate below 6 litres per minute, neglect to allow for the quantity of oxygen needed for flushing may result in the tent never containing 50 per cent oxygen, because it has not been flowing in for long enough before the tent is opened again to attend to the patient.
EXPERIMENTAL VERIFICATION OF CALCULATIONS
The theoretical considerations just given can be checked against (a) statements made in the literature dealing with oxygen therapy, and (£) experiments using a tent.
(a) STATEMENTS IN THE LITERATURE
Campbell and Poulton (1938) describe an oxygen tent which uses a maintenance flow rate of 1 to 3 litres per minute of oxygen. Carbon dioxide absorption is employed and it is stated that careful attention must be paid to the apparatus, and hourly analyses of the tent atmosphere must be made. Andrews (1943) gives detailed instructions for operating various types of commercial tents and emphasises the need for frequent oxygen analyses. He suggests that the concentration of oxygen can be raised to 50 per cent with a 15 minute flow of 15 litres per minute. This amounts to 225 litres of oxygen, and agrees with the minimum figure of 229 litres per minute derived from formula (iii) above. He recommends a high maintenance flow rate of 10-14 litres per minute if oxygen analyses are not going to be taken and it is desired to run the tent at 50 per cent oxygen. If oxygen analyses are taken the figure may be reduced but he states that flow rates below 6 litres per minute should never be used because the carbon dioxide concentration may well rise to over 2 per cent. These statements support the theoretical views so far expressed here.
Barach (1947) describes a closed head tent which is small in volume and has very little leakage. By using an injector on the oxygen line and drawing air in with the oxygen, a low flow rate of oxygen is combined with a high rate of air/oxygen flow through the tent, and carbon dioxide is effectively removed. Barach estimates the oxygen flow rates which are required to keep the carbon dioxide concentration below 1 per cent for various rates of carbon dioxide evolution by the patient. He predicts that for a patient evolving 308 ml. of carbon dioxide per minute, the required oxygen flow rate is 11.5 litres per minute, to keep the oxygen concentration at 50 per cent and the carbon dioxide concentration below 1 per cent.
The calculations used here are based on similar principles to those used by Barach. This is justifiable although Barach blows in air with the oxygen whereas we allow air to enter at a later stage, because the dilution effect is the same, and the equilibrium state will be the same no matter how the diluting air enters the tent. If formula (ii) above is used to check Barach's figures, the oxygen flow rate required amounts to 11.3 litres per minute which is a very fair agreement.
The use of an injector as described by Barach does not save oxygen, but is a very convenient method of controlling the oxygen concentration in small rigid tents where the diffusion exchange rate is low. It should be applicable to the tents and boxes used for babies.
(b) EXPERIMENTS USING A TENT
One factor which greatly facilitated this work was that an oxygen analyser especially designed for use with oxygen tents was available. This analyser employs the Pauling principle and depends upon the paramagnetic properties of oxygen. It enables analyses of the oxygen concentration in an oxygen tent to be made at intervals of about one minute and is therefore particularly suitable for the purpose envisaged.
Carbon dioxide analyses were made using a slightly modified R. R. H. carbon dioxide indicator (Ringrose et al., 1950) which gives a continuous visual indication of the carbon dioxide concentration. The readings were checked against analyses using a standard Orsat apparatus.
The object of the work reported here was to establish a satisfactory technique for operating oxygen tents. Two aspects of the operation of a tent are not dealt with in detail here. These are the temperature and humidity. The tents examined were found to be satisfactory in both these respects. There is no doubt that the ice cabinet and the air circulation arrangements normally make the tent very comfortable for the patient.
Experimental Check of Flushing Volume Calculation.
Two types of commercially available oxygen tents were used in these experiments. They both employed ice cooling, but tent A had an electric motor blower which could be switched on to increase the circulation, whereas tent B did not. At the beginning of each test the tent was set up and the volume of oxygen required to reach 50 per cent oxygen was found experimentally and compared with the calculated volume. The results are given in tables I and II. The results are the means of several determinations. An additional, temporary, oxygen inlet was arranged for the high oxygen flow rates. The volume of tent A was about 600 litres. This volume was chosen as representing the maximum likely to be found in practice. The exact volume of a tent will depend upon how the tent is assembled and can vary between 300 and 600 litres. The volume of tent B was about 540 litres.
It is interesting to observe with both tents that the longer the time taken to flush the tent the greater the discrepancy between the measured volume of oxygen used, and that predicted from formula (iii). This is to be expected from the effect of the diffusion exchange taking place while the tent is being flushed. In table II the bellows effect is quite clearly shown in the increased time taken to flush the tent and the consequent loss of oxygen when a volunteer was inside.
Experiments on Maintenance Rates
To obtain the maintenance oxygen flow rate the tent was first flushed to the desired concentration and the oxygen input was adjusted by trial so that the concentration neither rose nor fell over a period of 30 minutes. In one experiment it was found that an oxygen flow rate of 5 litres per minute maintained a concentration of 50 per cent. From formula (i) it was calculated that E, the diffusion exchange rate, was 8.6 litres per minute. From this figure it was then deduced that to maintain an oxygen concentration of 70 per cent, 14.1 litres per minute of oxygen would be required, and to maintain 80 per cent oxygen, 25.4 litres per minute of oxygen would be required. These particular figures were not checked experimentally but are quoted as an example of the applicability of formula (i).
In another experiment where great care was taken to seal the canopy to the bed-clothes, it was found that a maintenance flow as low as 2 litres per minute maintained an oxygen concentration of 50 per cent. However, in this case the carbon dioxide concentration rose rapidly to above 2 per cent.
In further experiments it was found that the presence or absence of a volunteer in the tent had little effect on maintenance rates so long as he remained still. It was impossible, however, to operate a tent at a given oxygen concentration accurately without frequent analyses of the atmosphere of the tent being necessary. This was in spite of the fact that the same bed and bedding were used throughout and one tent was used for many experiments.
Experimental Check on Calculation of Carbon Dioxide
Accumulation The formula derived earlier (ii) takes into account the factors causing diffusion and would be expected to be quite accurate. It was tested by setting up a tent without a volunteer, and admitting metered quantities of oxygen and carbon dioxide. By taking frequent analyses it was possible to adjust the oxygen concentration to 50 per cent and determine when the carbon dioxide concentration was also at equilibrium. Equilibrium was considered to be reached when the tent atmosphere was unaltered after 30 minutes.
The results of these experiments are given in table III. The experimental figures may be said to be in reasonable agreement with those deduced theoretically. Thus in a typical case in which 7 litres per minute of oxygen are used and the patient evolves 200 ml. per minute of carbon dioxide, the carbon dioxide concentration would not be expected to exceed 1 per cent.
Further experiments were performed in which volunteers lay in the tent. They were healthy male adults whose weights ranged from 10 st. 10 lb. (68.5 kg.) to 15 st. 0 lb. (96 kg.). One experiment was discontinued when it was found that an oxygen maintenance flow rate of 3 litres per minute maintained an oxygen concentration of 50 per cent but allowed the carbon dioxide concentration to reach 2.7 per cent in 50 minutes.
These experiments support our own calculations and also the statement made by Andrews (1943) that oxygen flow rates should never be less than 6 litres per minute. They also lend support to the current American practice of operating tents with an oxygen flow rate of 10 to 14 litres per minute.
